Brief introduction
A solar linear concentrator with a fixed reflector and a moving focus is under development. The main objective of the research is to develop a low -cost, roof integrated, solar collector suited for mid -range thermal applications, such as absorption cooling and industrial heat (90 -200 ºC). This range of temperatures could be achieved with low concentration factors (9 -15 suns).
This range of radiation concentration is also well suited for the development of Combined Solar Heat and Power (CHP) systems integrating PV and thermal converters in the same unit [1] . Recently, this kind of application has gained much attention from the solar energy industry with several interesting development projects from both the industry and the academy [2] .
The proposed solution is based on a static reflector with a moving linear focus ( Figure 1 ). The basic geometric concepts were developed in the '70s [3] but the product development never passed beyond the experimental prototype stage.
Nevertheless, a detailed ray-tracing modelling of the reflector behaviour shows clearly that it is possible to achieve a high optical efficiency into the target concentration range.
Although the reflector is static, the sun path should be tracked by the receiver to be kept on the reflector focus. Therefore a precise and inexpensive tracking control system is of fundamental importance for a successful development of the collector.
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The solar collector
The solar collector is composed of a fixed reflector with a linear focus that follows a circular path. Thus, in order to keep the moving receiver on the right position is enough to mount it on the tip of an articulated arm which angle is adjusted according to the sun position ( The exact angle at which the receiver should be placed depends mainly on two factors:
1. The sun's position 2. The theoretical orientation of the reflector The first parameter can be accurately predicted given the coordinates of the location where the collector is installed and an accurate time reference. The problems arise when the angles relative to the collector are to be estimated, because, although it is possible to predict theoretically the relative sun angle given the orientation of the collector and the sun's position, in practice this prediction is likely to be inaccurate mainly due to the errors in the on-site determination of the orientation of the collector. Furthermore it is likely that small differences could be found between collectors placed into the same array and should, in theory, share the same orientation.
Another factor that would influence the design of the control system of the tracking mechanism, is that, depending on the mirror design, the radiation distribution on the receiver could be highly non uniform. Therefore, in those cases, it is likely that the maximum energy output is not going to be found at the theoretical position, but somewhat displaced in the direction of the highest energy peak. (see Figure 3 
Angular requirements
The receiver tracks the sun moving on a circle path (see Figure 1 ). It's needed to know the sun vector to place the receiver in the right position. The sun vector is determinate by the two solar angles, θ S and γ S , (see Fig.  5 ) referred to any local position of the earth. We used the algorithm described by Duffie and Beckman [4] to determine these angles. The parameters that are needed for the algorithm are: local latitude, local longitude, day of the year and local hour. Once the solar angles referred to the North -South and Zenith axis have been determined by the algorithm, it's necessary to transform those angles to the collector local axis defined in the figure 4, obtaining θ c and γ c . The position of the receiver depends of the incident transversal angle named θ T , see Figure 4 . As θ T is the angle between the projected sun vector to the transversal plane and the Z axis it's easy to show that the relationship of θ T with zenith and azimuth angles (θ c and γ c ) referred to the collector is: To put the receiver in the right position it's necessary to place the arm of the receiver in an angle θ r and to tilt the receiver an angle β r . Both angles depend of the transversal incidence angle θ T . The relationship of those angles with θ T is given by: 
System Architecture
The proposed system approach is designed to control the orientation of a high number of collectors. The controller system is divided in two levels: first-level is the main-frame and contains the configuration data. Second-level is the orientation controller that sets the position of each positioning mechanism to the correct angle. Figure 7 shows the complete architecture. The mainframe level is connected to each orientation controller using the CAN protocol to obtain a good reliability, while the main-frame is connected to a computer using a RS-232 bus.
The connection to computer is needed to initialize the main-frame and allows obtaining information about the present estate of system. The same connection can be used for statistical data collection and a USB connection can be used for high volume of data.
The Main board approach
The main-frame board is based on a PIC microcontroller using a real-time circuit to obtain accurate time evolution.
The functions implemented at this level are:
• Mathematical angle estimation.
• Maintain the real time and date.
• Communicate the angle estimation to each orientation controller boards.
• Maintain actualized information for plug-andplay function using CAN bus.
• Permit communications with an external computer • Save the configuration data: earth position, solar orientation … Figure 8 . Main-frame board Figure 8 shows the main-frame board implemented to accomplish these functions. The board develops all functions and has prevision for future applications.
The board has two microcontrollers: the main controller is used for mathematical angle estimation and configuration maintenance. The angle estimation is calculated using a RTC device based on a quartz crystal. This device permits successful theoretical angle estimation due to good real time resolution. Another advantage of using RTC device is when power is off. The real time is maintained thought an auxiliary-battery. Since the whole system does not works when power is off, the time and configuration data is saved and maintained. The system configuration is saved in an external EEPROM allowing maintaining the configuration of the system until the power is on again.
The second microcontroller is used for communication purposes and offers high capabilities for future applications commented in the conclusions section.
The control board approach
The orientation controller board is also based on a PIC microcontroller. The orientation motor is controlled using a transistor bridge circuit and the position of the motor is measured using an encoder. The position feedback information permits orientating the focus to the estimate angle received though CAN bus [5] from mainframe with a precision of 0.04º.
The functions implemented with this board are:
• Receive from CAN bus the new estimated angle.
• Assure the correct angle using the encoder feedback circuit
• Actuate on the focus motor to move the captor to correct angle.
• Maintain statistical data using an I2C external EEPROM. Figure 10 shows an implementation of the motor and encoder components used to verify the correct function of the control system in the laboratory.
The motor rotation is controlled using three different velocities: the faster is used to test the behaviour of system when a new configuration is loaded in the main board and this new data change the estimated angle in a difference of more than 45º.
The middle velocity is used when the system is in the night period (that is, when the rays of sun do not arrive to the receiver) and the receiver is going to initial position to wait for the firsts rays of sunset.
And the lowest velocity is used during day period and adjusts the receiver to the correct angle. This velocity in combination with absolute encoder permits a very good resolution in the final angle.
This board will permit a better adjust of angle using some kind of solar radiation measurements computing the efficiency of collector and introducing local variations in the angle used.
Experimental results
The system and structure has been installed on the top of an university building using only one collector with one motor. Different angles are been used to calibrate the correct orientation of structure and to introduce some physical characteristics is the motor control program (like time to start to move, resistance to movement, …). At this point, the system is under efficiency study to determine the best motor control algorithms. Figure 11 shows the solar collector structure installed outdoor.
Conclusions
A low-cost orientation system has been developed using commercial components and using standard protocols for communications.
The main advantages obtained with this approach are:
• Very low-cost system • High grade of scalability, increasing the number of orientation controllers.
• Easy usability for future applications.
• High resolution in the feedback angle measurement.
The specifications accomplished are:
• Correct orientation of mobile focus obtaining a precision of 0.04º • Development of an independent system with computer communications capabilities.
• Robustness in the communications using an industrial bus.
• Easy programmer system implemented on each board.
The low-cost has been obtained using low-cost components with high quality ratio.
The system will be improved in future applications introducing:
• Control of real-time and date deviations using international information transmitted by radio.
• High capability of transmitting statistical information using the incorporated USB connection • Fine adjust of each orientation system using lightsensors or other sensors.
